With the aim of understanding relationship between genetic and phenotypic variations in cultivated tomato, single nucleotide polymorphism (SNP) markers covering the whole genome of cultivated tomato were developed and genome-wide association studies (GWAS) were performed. The whole genomes of six tomato lines were sequenced with the ABI-5500xl SOLiD sequencer. Sequence reads covering ∼13.73 of the genome for each line were obtained, and mapped onto tomato reference genomes (SL2.40) to detect ∼1.5 million SNP candidates. Of the identified SNPs, 1.5% were considered to confer gene functions. In the subsequent Illumina GoldenGate assay for 1536 SNPs, 1293 SNPs were successfully genotyped, and 1248 showed polymorphisms among 663 tomato accessions. The whole-genome linkage disequilibrium (LD) analysis detected highly biased LD decays between euchromatic (58 kb) and heterochromatic regions (13.8 Mb). Subsequent GWAS identified SNPs that were significantly associated with agronomical traits, with SNP loci located near genes that were previously reported as candidates for these traits. This study demonstrates that attractive loci can be identified by performing GWAS with a large number of SNPs obtained from re-sequencing analysis.
Introduction
Tomato (Solanum lycopersicum), which is considered to be an important crop, originated from South and Central America, and spread to the rest of the world with accompanying morphological diversification. 1 The Solanaceae family, to which tomato belongs, includes other important crop species, such as potato (S. tuberosum), eggplant (S. melongena), tobacco (Nicotiana tabacum), and pepper (Capsicum annuum). Comparative genomics within these various genera and species have greatly accelerated understanding of their genome evolution and the genetic mechanisms that confer phenotypic diversity to these species. 2 Furthermore, several interspecific genetic linkage maps have been constructed between cultivated tomato and its wild relatives (S. chmielewskii, S. habrochaites, S. pennellii, and S. pimpinellifolium). 3 These maps allow identification of the genes responsible for interspecific phenotypic variations, including disease resistance, fruit size and shape, and plant architecture. 3 However, few genetic studies have reported intraspecific variations due to its narrow genetic diversity. 3, 4 In the field of human and animal genomic and genetic studies, the availability of whole-genome sequence data has resulted in more rapid advances in re-sequencing analysis and genome-wide association studies (GWAS) than in classical genetics and quantitative trait locus (QTL) mapping. 5, 6 In plants such as rice (Oryza sativa) and Arabidopsis thaliana, the initial plant species for which whole-genome sequences were available provided representative targets for such analysis. 7 -10 Tomato has also been used as a model plant in classical and molecular genetics, 11 due to autogamous diploidy (2n ¼ 2x ¼ 24) and a relatively compact genome ( 950 Mb). Recently, the whole-genome sequence of tomato was published. 12 Furthermore, Hirakawa et al. 13 inferred the functions of 200 SNPs among the transcribed sequences of cultivated tomato lines by determining their positions in predicted genes on the tomato genome. These results are expected to accelerate the understanding of genetic mechanisms that confer phenotypic variations among tomato cultivars.
Massive parallel sequencing and genotyping methods have contributed to progress in genetics and genomics. Next-generation sequencers (NGSs), such as HiSeq2500 (Illumina), the GS FLXþ system (Roche), 5500xl SOLiD (Life Technologies), and Ion Proton (Life Technologies), have been employed for de novo assembly of genome sequences and re-sequencing analyses of genomes of several organisms. 14, 15 In such re-sequencing analysis, sequence reads from the whole genome are mapped onto the reference genome to identify nucleotide variations, including single nucleotide polymorphisms (SNPs) and insertions/deletions (indels).
14 A large amount of nucleotide sequence data (up to Mb-or Gb-scale), redundantly covering the whole-genome sequence, can be obtained simultaneously by NGS technologies. This allows a huge number of the nucleotide variations to be identified cheaply and within a relatively short period of time. The identified SNPs can be used, for example, for polymorphic analysis of germplasm collections, which, in turn, allows genetic analyses such as QTL mapping, GWAS, and genomic selection. 16 Large-scale SNP genotyping is often performed with commercially available array-based platforms, such as Infinium (Illumina), GoldenGate (Illumina), and Axiom Genotyping Solution (Affymetrix).
Tomato accessions, so-called genetic resources, are stocked in several gene banks, including the Tomato Genetic Resource Center (TGRC), USA (http://tgrc. ucdavis.edu); the National Institute of Agrobiological Sciences (NIAS) Genebank, Japan (http://www.gene. affrc.go.jp); and the NARO Institute of Vegetable and Tea Science (NIVTS), Japan (http://www.naro.affrc. go.jp/vegetea). In the NIAS and NIVTS Genebanks, over 1500 tomato lines have been deposited from .50 countries. The morphological traits of each line are recorded when the plants are reproduced, whereas DNA-based genetic variation has not yet been evaluated. By combining massive parallel sequencing and high-throughput genotyping technologies, it is now possible to probe genome-wide genetic diversity in the large number of tomato accessions currently available. In addition, associations between genetic and phenotypic variations can be identified in the genetic resources by using morphological traits recorded in the NIVTS and NIAS Genebanks. These studies would provide useful knowledge for molecular genetic analysis and breeding. In this study, we re-sequenced six tomato lines to discover novel SNPs that could be used to estimate the ratio of the SNPs contributing to the phenotypic variation. The identified candidate SNPs were used for GWAS to predict the loci responsible for agronomically important traits, e.g. fruit size and shape and plant architecture.
Materials and Methods

Plant materials and DNA isolation
Six inbred lines, 'Ailsa Craig' (AIC), 'Furikoma' (FRK), 'M82' (M82), 'Tomato Chuukanbonhon Nou 11' (PL11), 'Ponderosa' (PON), and 'Regina' (REG), which were selected as representative lines from the clusters in the phylogenetic tree obtained in our previous study, 13 were used for whole-genome re-sequencing (Supplementary Table S1 ). AIC and PON are greenhouse types, and FRK and M82 are processing types suited for field cultivation. PL11 is a breeding material developed at the NIVTS for a short-internode trait, 17 and REG is a dwarf tomato with cherry-type fruits obtained from Sakata Seeds Co., Japan. All materials except for REG are available from the NIVTS, Japan.
The number of genotyped tomato accessions with SNPs was 663, of which 641, 9, 6, 5, 1, and 1 were derived from the NIVTS, Japan; five private companies (De Ruiter Seeds Co., The Netherlands; Sakata Seeds Co., Japan; Suntory Holdings Ltd., Japan; Takii Seeds Co., Japan; and Vilmorin Seeds Co., France); the TGRC at the University of California, USA; the National BioResource Project (NBRP) at the University of Tsukuba, Japan; Cornell University, USA; and the Institut National de la Recherche Agronomique (INRA), France, respectively (Supplementary Table  S1 ). Total genomic DNA was isolated from leaves of a single plant from each line using a DNeasy plant mini kit (Qiagen). 21 were used for developing cleaved amplified polymorphic sequence (CAPS) and derived CAPS (dCAPS) markers, respectively. Oligonucleotides for the markers were designed using the PRIMER3 software. 22 
SNP genotyping
A total of 1536 SNPs were selected for Illumina GoldenGate SNP genotyping of the 663 tomato accessions. The Illumina GoldenGate assay and subsequent SNP calling were performed as described by Shirasawa et al. 23 Polymorphic analysis of CAPS and dCAPS markers including FAS, SP, and OVATE 23, 24 was performed as described by Shirasawa et al. Clustering of the genetic resources The genetic distances and Jaccard's similarity coefficients of all combinations of any two accessions were calculated from the genotypic data using the GGT2 software 25 as described by Shirasawa et al. 26 A dendrogram of the genetic resources was established using the neighbor-joining method in the MEGA5 software. 27 Principal component analysis (PCA) was also performed to determine the relationship between samples using the TASSEL software, 28 in which SNPs with minor allele frequencies (MAFs) of ,0.05 were removed and the number of components was limited to three.
The STRUCTURE software, 29 in which SNPs with MAFs of .0.00 were included, was used to assess the genetic relationships of the investigated lines. The degree of admixture in each line was estimated under the conditions of a 100 000 burn-in period and 100 000 Markov Chain Monte Carlo replications. The ideal number of clusters (K) was estimated from the output of 20 independent calculations as described by Evanno et al. 2.4.3. Genome-wide association studies Associations between genotypes and phenotypes were analysed using the mixed linear model (MLM) using the TASSEL program 28 with the following parameters: MAF of !0.05. In the association analysis, we considered the kinship matrix based on the SNP data in the model of MLM, while population structure was excluded from the model since it could not be detected in the tomato accessions with the STRUCTURE analysis. The thresholds for the association were set to a -logP of .5.06 and 4.36 at a significant level of 1 and 5%, respectively, after Bonferroni multiple test correction.
On NIAS Genebank databases (http://www.gene. affrc.go.jp), 71 phenotypic traits are registered for 9-479 accessions (the numbers of investigated lines differ depending on the traits) as actual measured numeric data, qualitative data, and ranked data. They were investigated in the field and/or under greenhouse conditions over a number of years (1983-2011) at multiple locations (seven sites in Japan and Taiwan). The phenotypic data for each accession redundantly recorded in multi-years and locations were averaged, so that the data could be regarded as continuous numerical data for the MLM. Of these, 23 traits that scored in .100 lines genotyped in this study were tested for the GWAS.
Results
3.1.
Whole-genome shotgun re-sequencing of cultivated tomato Whole-genome shotgun re-sequencing was performed for the six inbred tomato lines, such as AIC, FRK, M82, PL11, PON, and REG. DNA samples tagged with line-specific index sequences were subjected to sequencing analysis using the 5500xl SOLiD sequencer (Table 1 and Supplementary Table S2 ). The other 46.1% reads were omitted from the mapping results due to the low quality of the reads and repetitive sequences in the tomato genome.
Identification of SNP candidates and their positions
on the tomato genome Within the mapped sequence reads, a total of 2 011 984 SNP candidates were discovered between H1706 (SL2.40ch01 to SL2.40ch12) and the re-sequenced lines. Heterozygous and triallelic SNPs were often observed among the identified SNP candidates. They were considered false positives and were excluded from further analysis. As a result, a total of 1 473 798 SNPs, consisting of 836 676 transition and 637 122 transversion mutations, were identified as confident biallelic SNP candidates (Fig. 1 , http://www.kazusa.or. jp/tomato), for which accuracy was validated using the GoldenGate assay described below. Among these, 170 173 SNPs were confirmed by their convertibility to CAPS markers (http://www.kazusa.or.jp/tomato), which are considered a useful tool for conventional DNA polymorphic analysis.
Different numbers of SNPs with respect to H1706 were observed in each line, e.g. 85 534 in PON, 85 670 in AIC, 120 329 in FRK, 245 730 in PL11, 710 904 in M82, and 1 102 982 in REG (Supplementary  Table S3 ). SNP density with respect to H1706 was calculated to be, on average, one SNP per 516 bp (0.19%), and ranged from 1 SNP/689 bp (0.15%) in REG to 1 SNP/8884 bp (0.01%) in AIC, assuming a 760 Mb genome size for SL2.40 (Supplementary Table S3 ). The SNPs were unevenly distributed across the genomes, i.e. a remarkably large number of SNPs were observed on Chromosome 11 (Chr11) in PL11; Chr04, Chr05, and Chr11 in M82; and Chr04, Chr05, and Chr12 in REG. At the chromosomal segment level, the numbers of SNPs ranged from 1 (88 -89 Mb position of Chr01 in M82) to 10 847 (34 -35 Mb position of Chr05 in REG) using a 1-Mb window scale (Fig. 1) .
The identified SNP candidates were classified into seven groups according to their positions in predicted genes on the tomato genome sequence (see Section 
.8%) were in genic regions, of which 110 315 (7.5%) and 49 041 (3.3%) were in introns and exons, respectively ( Table 2 ). The number of SNPs potentially affecting gene function was 22 805 (1.5%), including 156 SNPs at splice sites in introns, 558 resulting in nonsense codons, and 22 091 of missense codons.
The functions of genes having or not having the SNPs were investigated. First, a total of the 34 348 tomato genes predicted in the ITAG2.3 12 were classified into the three groups: 508 genes having nonsense SNPs (Group 1); 9436 genes having nonsynoymous SNPs including nonsense, missense SNPs, and SNPs at splice junctions (Group 2); and 24 404 genes not classified in the Group 2 (Group 3). BLASTP was then used to compare the protein sequences with those in the KOG database. 19 The 15 974 predicted genes were classified into KOG categories. The distributions of the categories were similar between the Groups 2 and 3 ( Supplementary Fig. S1 ). In the Group 3, on the other hand, the proportions of the Categories C (energy production and conversion) and T (signal transduction Fig. S1 ). Table S4 ). An additional 301 SNPs with MAFs of .0.3 and an Illumina SNP score of 1.0 were selected based on data reported in our previous studies. 13, 23 A total of 663 tomato accessions (listed in Supplementary Table S1) were genotyped with the 1536 SNPs using the GoldenGate assay. As a result, 1293 SNPs were successfully genotyped in the 663 accessions, satisfying the criteria of the GenomeStudio Data Analysis software (Illumina). Of the 1293 SNPs, 1248 (96.5%) and 1147 (88.7%) showed segregations within the 663 accessions within the threshold of MAFs of .0 and !0.05, respectively (Supplementary Table  S4 ). The MAF values of the 1248 SNPs were evenly distributed from 0.001 to 0.5, and no significant differences in the distribution of the MAF values of the seven SNP categories were observed (data not shown). The ratios of heterozygous alleles and null alleles were high in the seven F 1 hybrids and three wild species, respectively ( Supplementary Fig. S2 ). The higher ratio in the three wild species could reflect polymorphisms at the probe annealing sites. 23 In contrast, few heterozygous or null alleles were observed in the 23 inbred lines.
SNP genotyping of tomato accessions by the Illumina GoldenGate assay
Clustering analyses of the tomato accessions
The genetic distances between all combinations of any pairs in the 663 tomato accessions were calculated based on the genotypes of the 1248 SNPs. The genetic distances among the 663 accessions ranged from 0.00 to 0.72, with an average of 0.39. No obvious clusters were observed in the dendrogram of the genetic distances ( Supplementary Fig. S3A ). To evaluate this result, the genetic relationships between the accessions were determined by PCA, which showed that there were no clusters in the 663 lines ( Supplementary Fig. S3B ), because the individual proportions for PC1, 2, and 3 were 0.09, 0.06, and 0.05, respectively. Genetic relationship analysis using the STRUCTURE software indicated that there was no population structure in the accessions (Supplementary Fig. S3C ). This is in contrast to the six clusters identified by the delta-K method reported by Evanno et al. ) between each pair of located SNPs, were observed across chromosomes (Supplementary Table S4 ). The 123 LD blocks comprised a total of 458 SNPs. The average length of the LD blocks was 3.2 Mb, ranging from 256 bp in Chr10 between solcap_snp_sl_8260 and SL2.40ch10_59989140W to 58.3 Mb in Chr01 between SL2.40ch01_7886746R and SL2.40ch01_66149134Y (Supplementary Table  S4 ). The lengths of LD blocks containing heterochromatic regions (average, 13.8 Mb) were longer than that in euchromatic regions (average, 58 kb) (Supplementary Table S4 ).
A total of 437 haplotypes were identified in the 123 LD blocks. An LD block had an average of 3.6 haplotypes consisting of an average of 3.7 SNPs (data now shown). Subsequently, 308 tag SNPs, the minimum SNP subset required for distinguishing haplotypes, were selected Table S4 ).
GWAS for agronomical traits in genetic resources
GWAS identified a total of nine SNP loci that were significantly associated with eight morphological traits recorded in the NIVTS and NIAS Genebanks (Fig. 3 , Table 3 , and Supplementary Fig. S6 ). The eight traits were phenotyped by actual measured numeric data, qualitative data, and ranked data, and comprised inflorescence branching (nine ranks), plant habit determinate (indeterminante or determinate), plant height (cm), number of leaves between inflorescences (number of leaves), fruit size (10 ranks), locule number (five ranks), green shoulder on immature fruit (10 ranks), and the colour of the fruit epidermis (colorless or yellow), of which the numbers of scored lines were 476, 478, 457, 111, 479, 474, 452, and 137, respectively (Supplementary Table S1 and Fig. S7 ).
Among the eight traits, inflorescence branching was associated with two SNP loci, SL2.40ch02_ 41751976Y and solcap_snp_sl_39457 ( Fig. 3 and Table 3 ). The SNP SL2.40ch02_41751976Y not belonging to any LD block was located at a distance of 4.8 and 1.6 Mb from the previously identified S (Solyc02g077390) and AN (Solyc02g081670) genes involved in compound inflorescence, 34 respectively. The other seven morphological traits were significantly associated with seven SNP loci ( Table 3 and Supplementary Fig. S6 ). Of the seven SNPs not belonging to any LD block, five were located near previously identified genes responsible for the targeted traits. These were SL2.40ch06_42601581W located at 240 kb from SP (Solyc06g074350), 35 which is associated with plant habit determinate, plant height, and the number of leaves between inflorescences; SL1_00sc6004_ 2094360_solcap_snp_sl_44897, located at 31 kb from FAS (Solyc11g071810), 36 which is associated with fruit size; SL1_00sc6004_2094360_solcap_snp_ sl_44897, located at 31 kb from FAS (Solyc11g 071810); 36 SL2.40ch02_41172086R, located at 594 kb from LC (Solyc02g083940 and/or Solyc02g 083950), 37 and 1.8 Mb from OVATE (Solyc02g 085500), 38 which are associated with locule number; SL2.40ch10_1539862R, located at 753 kb from U (Solyc10g008160), 39 which is associated with green shoulder on immature fruit; and SL2.40ch01_ 71279371Y, located at 24 kb from Y (Solyc01g 079620), 40 which is associated with colour of the fruit epidermis. To investigate association between the genes conferring the traits, polymorphic analysis of SP, FAS, LC, OVATE, and U was performed (Supplementary Table S5 ). The replicated GWAS including the five loci showed that SP, U, and FAS were strongly associated with these traits (Table 3) .
Discussion
The re-sequencing analysis presented here identified a large number of SNP candidates in the cultivated tomato, S. lycopersicum, in which DNA polymorphisms have been difficult to detect. 4, 23 This has been attributed to its narrow genetic diversity, which was caused by the genetic bottlenecks that occurred during its domestication, cultivation, and breeding. 41 The intraspecies SNP density of 0.19% was approximately three times lower than that of 0.6% between S. lycopersicum and S. pimpinellifolium. 12 The distribution of the SNPs on the reference sequence of H1706 was not evenly spaced over the genome as reported by Asamizu et al.
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( Fig. 1 and Supplementary Table S2 ). In the H1706 genome, large introgressions are observed in Chr04, 09, 11, and 12, which has implications for the introduction of disease resistance loci into H1706 from S. pimpinellifolium. 12 The biased SNP density observed in this study also suggests the presence of introgressions of genome segments from wild relatives in tomato breeding processes for disease resistance. 12 SNPs are abundant sequence alterations that can affect gene function. Among the seven inbred tomato lines (including H1706), 558 nonsense, and 22 091 missense, and 17 410 synonymous SNPs were found in 508 (1.5%), 9285 (26.7%), and 7825 (22.5%) of 34 727 predicted genes, respectively (Table 2) . Between S. lycopersicum and S. pimpinellifolium, 3.5, 36.3, and 37.0% of genes contain nonsense, missense, and synonymous mutations. 12 The ratio of interspecies nonsense mutations to intraspecies nonsense mutations is 2.3, while the ratios of missense mutations and synonymous variations were 1.4 and 1.6, respectively. This result suggests that the alleles of wild relatives possessing SNPs that critically disrupt gene function, i.e. nonsense SNP, have been negatively selected from the gene pool of wild relatives for the purpose of breeding.
The tomato accessions used in this study included broad genetic diversities (Supplementary Figs S2 and  S3 ). Genome-wide LD analysis based on these accessions revealed that the extension of the LD was dependent on the nature of the chromatin ( Supplementary Fig.  S4 and Supplementary Table S4 ). Similar observations have been reported for interspecific F 2 mapping populations in tomato, which indicated that chromosome recombination in heterochromatin is strongly suppressed compared with that in euchromatin. 33, 43 LD analysis of whole genomes have been previously performed not only for tomato, but also for rice, soybean, and Arabidopsis.
7 -10,13,44 -46 However, LDs specific to chromatin have not been investigated. It is expected that chromosome recombination over the genome is not appreciably different between the accessions and biparental mapping populations. GWAS revealed SNPs that were associated with agronomically important traits (Fig. 3, Table 3 , and Supplementary Fig. S6 ), and three genes (FAS, SP, and U ) were found to confer trait variations (Table 3) . Although such genes have been previously identified by a map-based cloning strategy, with interspecific populations conferring phenotypic variations between cultivated tomato and its wild relatives, the present results indicated that these genes are responsible for phenotypic variations within cultivated tomato. The identified SNPs could be potent selection markers for marker-assisted selection in breeding. However, no significant SNP association was detected for most of the traits registered in the NIVTS and NIAS Genebanks. Two possibilities can be advanced to explain the lack of a significant association. First, the density of the SNPs was insufficient for GWAS. In this study, while 1248 SNPs were employed in GWAS, LD extension in the gene-rich euchromatin region (58 kb) was too short to be covered by the SNP density employed (1 SNP/213 kb in euchromatin; Supplementary Table  S4 ). This analysis suggests that .3228 and .41 SNPs in eu-and heterochromatin regions, respectively, would be required to obtain high-resolution results from GWAS. Additionally, most of the traits were scored on 1 -5 or 1 -10 scales, rather than by performing actual measurements. Since the scale standards may vary between individual investigators, the accuracy is unlikely to be sufficient for GWAS. One of the reasons for the success in identifying the SNP associations with the eight morphological traits might be that the SNPs possessed large effects on phenotypic variations.
In this study, we demonstrated that genetic resource accessions can be used for GWAS, i.e. there is no need to establish a specific mapping population via labourintensive methods for performing crosses and advancing generations. In addition, a core collection would be more effective for GWAS, as it would avoid the labour and cost associated with high-density wholegenome genotyping and replicated phenotyping. In barley, GWAS was used to detect SNP associations with agronomical traits in a worldwide collection. 47 The establishment of core collections for tomato, whose contents could be changed depending on the purpose, 48 would enable the identification of valuable loci for molecular genetics and breeding.
In conclusion, the usefulness of GWAS was demonstrated by analysing a large SNP data set obtained from the re-sequencing data. This study represents an important step forward in genomics, genetics, and for the breeding of cultivated tomato.
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Availability
Nucleotide sequence data reported are available in the DDBJ Sequence Read Archive (BioProject PRJDB1397) under the accession numbers DRA001017 (AIC), DRA001018 (FRK), DRA001019 (M82), DRA001020 (PL11), DRA001021 (PON), and DRA001022 (REG). Details of the SNPs and genotypes of the investigated genetic resources are available at the Kazusa Tomato Genomics DataBase (KaTomicsDB: http://www.kazusa. or.jp/tomato).
